Extraction of oil from the Alberta Oil Sands through surface mining involves the removal of the overburden and oil sand to a depth of up to 100 m and over extremely large areas. While the operation of the bitumen processing plants has serious environmental impacts on downstream habitats, this article focuses on the reclamation of areas from which the oil sands have been removed, processed, and returned. This reclamation following closure of the mines will entail the complete re-creation of landforms and ecosystems at a landscape scale, with the goal of producing suitable habitats for plants, animals, and people. Such projects will require a reasonable understanding of the geophysical and ecological processes that operate at a wide range of scales. Some information is provided on the climate, hydrology, vegetation, and land use (past and current) of the Oil Sands area, situated within the Boreal Plain ecozone, to provide a framework for discussion of issues to be addressed in, and proposed guidelines for, such large-scale reclamation. Although none of the mines has yet closed, numerous consultant reports have been produced with recommendations for various aspects of such reclamation projects (e.g., wetland hydrology, vegetation, wildlife habitat). The scientific basis of such reports is found to vary with respect to depth of understanding of the relevant processes.
Introduction
Conservation biology and restoration ecology have for decades tried to alert us to problems and provide solutions based on some science, expert opinion, experience, and a logical feeling for the ecological system. Most conservation and restoration efforts have been focused on single species, particularly mammals, birds, and plants, specific taxonomic assemblages (e.g., neotropical migrants), or certain habitats (e.g., wetlands). Nothing is wrong with this approach, but it presents obvious limitations when large-scale impacts are contemplated or carried out. Despite landscape ecology's attempts at pattern analysis in landscapes and conservation biology's recent interest in large-scale conservation planning and strategies, the physical environment template at large scales has been mostly explored by ecohydrologists, geomorphologists, biogeochemists, and meteorologists/climatologists. Conservation and restoration at landscape scales have often assumed that the degradation is temporary and can be repaired over relatively short time scales of 50 or so years. What about the creation of completely new landscapes over time spans of 100 or more years?
The Alberta Oil Sands is a large-scale development that will require reconstruction of . Location and distribution of oil sands in northern Alberta. Part of the Athabasca deposit has reserves shallow enough to make surface mining feasible (mineable area in black). Oil from the deeper deposits (core deposits in gray) is removed using in situ processes involving steam injection through wells into the oil sand. Source: Schneider (2002) .
ecosystems at the scale of whole landscapes. The heavy oil sands are located in the Cold Lake, Peace River, and Athabasca regions of northern Alberta ( Fig. 1 ) and cover approximately 140,000 km 2 , an area larger than the state of Florida, or 23% of the Province (Oil Sands Consultations 2007) . Prior to recent oil and forestry developments, the area of the Oil Sands (except some areas around Peace River) was largely unfragmented and undisturbed by Europeans. It was still largely inhabited by indigenous (First Nation) peoples who tried to follow a lifestyle in which their environment played an important practical and spiritual role. Development for oil extraction was begun in 1967 by the Great Canadian Oil Sands Company (now Suncor). There are now five leases and several under consideration with 43,000 km 2 currently under lease. Most of the areas with underlying oil sands are also under Forest Management Agreement (FMA) leases to forestry companies (Fig. 2) . Thus, since 1967 and particularly in the last 20 years, oil sands exploitation and forestry leases have been seriously fragmenting the landscape (Schneider 2002) . Climate change will further complicate any changes in the future.
With improved technology, the operating cost of producing oil sand oil has gone from about $35 per barrel in 1980 to $20 per barrel in recent years. Both the lowered cost of production and the increasing price of oil (recently surpassing $100 per barrel) have resulted in an increased demand for this oil source. The Alberta Oil Sands supplies one-third of the oil production of Canada, and Canada is the main supplier of oil to the United States (National Energy Board 2007) .
In Canada, the Provinces have greater control over nonrenewable and renewable resources in their jurisdiction than does the federal government, but they must share part of the revenue from these resources with the rest of the country. Also, as is the case with the Alberta Oil Sands, most of the mineral rights are owned by the Province and leased to private companies. As mentioned previously, the Oil Sands area includes land traditionally used by First Nation peoples. All but one of the First Nation bands in northern Alberta signed a Treaty Land Entitlement Settlement Agreement in 1899 that gave control of the land to the government and resulted in the establishment of First Nation reserves while allowing continued use of nonreserve crown lands for subsistence activities such as hunting, fishing, and trapping. The reserves are under federal jurisdiction and, at present, only one First Nation group has requested and received federal approval for development of an oil sands mine on its reserve (Denstedt & Jamieson 2007) .
The removal of oil sands oil is by two methods. The near-surface deposits (classified as "mineable" in Fig. 1 ) are recovered by removing up to 100 m of surface material (overburden) to access the oil-bearing sedimentary layers, processing the oil sands, and then eventually replacing the mine tailings and overburden. About 2 tons of oil sands are required to produce a barrel of oil (Oil Sands Consultations 2007) . Deeper deposits are removed in situ by steam assisted gravity drainage (SAGD). Both processes extract bitumen (a heavy carbonrich, hydrogen-poor hydrocarbon), which is upgraded to synthetic crude by removing carbon and sulfur and adding hydrogen. Production of 1 m 3 of bitumen (1 m 3 = 6.29 barrels) requires approximately 125 and 214 m 3 of natural gas and 2-4.5 and 0.2 m 3 of water by mining and SAGD methods, respectively (National Energy Board 2007) . The lower water use by SAGD is due to the 90-95% recycling of the steam water. The chemical processes converting bitumen to synthetic crude oil also release SO 2 , NO x , and volatile organics (Golder Associates Ltd. 2003; RWDI AIR Inc. 2005a , 2005b Canadian Centre for Energy Information 2007) . In this chapter, we focus solely on mining of near-surface deposits for two reasons: it is currently responsible for most of the Oil Sands oil production, and it is the method that has the most complete and long-term impact on ecosystems.
The Alberta government mandates that industry is to create functioning ecosystems from this landscape of disrupted ground and surface water hydrology, changed biogeochemistry, and totally removed boreal ecosystems (Alberta Environment 1999) . Given the large area of each mine (ca. 100 km 2 ) eventually to be stripped and mined, this is not a restoration problem but the engineering of new ecosystems. The re-creation must achieve maintenance-free, self-sustaining ecosystems with capabilities equivalent to or better than the predisturbance conditions (Alberta Environment 1999). Predisturbance land-use capabilities include timber harvesting, wildlife habitat, watershed functions, wetlands, sources of traditional foods and medicinal plants, and recreation (Oil Sands Vegetation Reclamation Committee 1998). The industry must report each year to both Alberta Environment and Alberta Sustainable Resource Development, and plans must address the final land-use stakeholders' needs and consult with them.
Two points should be made clear at the outset. First, we will not make an argument here for a return to some presettlement or more pristine environment, mostly because we feel that this is probably impossible considering the issues of both the scale of the development and climate change. Paleoecology has long recognized that ecosystems have never been the same through time but have constantly changed in composition as they adjust to their changing environments (Davis 1976; Williams et al. 2007) . This makes it difficult to set benchmarks, particularly those based on some past or present time with some presumed composition and environment. In the past, ecosystems have been assembled and reassembled with relative ease in response to environmental changes. However, as is implied in the government mandate above, conditions under which natural processes are allowed to recover must be re-created and also ecosystem services must be maintained. The trade-offs are as yet unknown. Second, the time over which ecosystems have made adjustments to major changes in the past has been long, not the short time over which economies usually adjust to changes in markets. The re-creation of the landscape in the Alberta Oil Sands region will take a longer time than seems to be planned-probably more than a hundred years. As mentioned, reclamation of the Oil Sands mined areas will not be an ecological restoration project but will require the re-creation of the physical template and the ecosystems on it.
In this chapter we will limit ourselves, as the title states, to discussion of the ideas and limited results available on re-creating the landscape and ecosystems on the near-surface mine deposits. Up to this time, no mines have been closed so no re-creation has begun although some small-scale pilot studies and reclamation projects on mine tailings have been started. Most mines will operate for up to 40 years. Further, while we are aware that the bitumen processing plants produce important environmental impacts downstream in rivers and in the airshed due to pollution as well as energy and water use, we will not consider these here but focus instead on the surface mining to extract bitumen.
Boreal Plain Ecosystem
The Oil Sands region is located in the North American Boreal Plain (Fig. 3) , a dissected, relatively flat (400-800 m asl) region that was covered by the Laurentide ice sheet 10,000 to 12,000 years ago. The surficial glacial deposits are deep (30-200 m) , loamy till and gravel-sand glaciofluvial and lacustrine deposits. These deposits overlie the Mesozoic-and Cenozoic-age sedimentary rocks (largely carbonate) comprising most of the bedrock and containing the oil deposits. The landscape has numerous lakes, ponds, and peatlands.
The climate is subhumid and midboreal, with mean temperatures of −2 to +1
• C; summers average 13 to 15
• C and winters −18 to −14
• C. Precipitation is 300 to 600 mm with about 70% as wet precipitation. Annual potential evapotranspiration is greater than precipitation. Potential evapotranspiration is relatively constant while precipitation varies from year to year (Bothe & Abraham 1993) . Stream flow is low and varies from year to year due to variable water storage. The annual water deficit is from 40 to 60 mm. Since peak precipitation occurs between June and August when the vegetation is actively growing and transpiring, there is little saturated overland flow (Devito et al. 2005b) .
The shape and composition of the landscape and its climate and hydrology determine the vegetation composition. The age of the forest is largely determined by natural disturbances, usually insect outbreaks and wildfire. Landscapes are made up of stream courses, depressions, and ridgelines with hillslopes between them. Hillslopes are generally drier at the top and wetter at the bases due to differences in the water-contributing area. The substrate composition (e.g., till versus glaciofluvial deposits) determines the ease of movement of water through the soil. Consequently, on hillslopes the factors of contributing area, slope angle, and substrate transmissivity in general create moisture gradients along which vegetation is arranged, based on species' moisture tolerances. In the subdued landscape of the Boreal Plain, this pattern generally determines the upland vegetation (Bridge and Johnson 2000) . Thus, on relatively nutrient-rich glacial till hillslopes, the dry hilltops have a mixture of aspen (Populus tremuloides Michx.) and white spruce (Picea glauca (Moench) Voss); the midslopes have white spruce and balsam fir (Abies balsamea (L.) Mill.), while the wet basal slopes have black spruce (Picea mariana (Mill.) B.S.P.). On the better-drained and more nutrient-poor glaciofluvial hillslopes, the dry hilltops are dominated by jack pine (Pinus banksiana Lamb.) and the basal slopes by black spruce. Actual slopes are often more heterogeneous than this idealized gradient because of factors, such as proximity of seed sources, effects of past disturbances (see below), and variable substrate and groundwater flow patterns.
Poorly drained lowlands are usually covered by peat. Shrub fens are dominated by willows (Salix spp.) and sedges (Carex spp.), and forest fens by tamarack (Larix laricina (Du Roi) K. Koch) and black spruce. Patterned fens are very common. Bogs, which occur mostly as islands in large fens or in small potholes, are dominated by short black spruce and Sphagnum moss. Peatlands cover 103,200 km 2 of Alberta (16.3% of the land base) and are most extensive in the northern two-thirds of the Province (Vitt et al. 1996) . They cover about 30% of the Oil Sands.
Wildfires were the principal determinant of the forest age mosaic before logging. Most of the area burned by wildfire in the Boreal Plain is caused by lightning fires (Nash & Johnson 1996) . These wildfires occur mostly during persistent high pressure systems that last longer than 10 to 15 days. The most common persistent high pressures are associated with the Pacific North America pattern (Johnson & Wowchuk 1993) which is characterized by anomalous low pressure in the Gulf of Alaska, high pressure over western Canada, and low pressure over southeastern Canada and adjacent United States. Over decadal scales, episodes of large area burned are associated with the positive mode of the Pacific Decadal Oscillation (PDO) (Macias Fauria & Johnson 2006; Skinner et al. 2006) . The persistent positive mode of the PDO since 1977 has led to an increase in area burned compared to the very low area burned during the immediately prior period 1950-1976, when the negative mode of the PDO was more persistent.
The average fire frequency has changed at least three times in the last 350 years due to large-scale climate changes related particularly to the Little Ice Age (Bergeron & Archambault 1993; Weir et al. 2000) . The fire frequency has always been shorter than the life span of the trees (Johnson et al. 1995; Weir et al. 2000) . The forests adjacent to and up to 50 km away from agricultural settlements had much shorter fire frequencies in the early 1900s due to the spread of settlement fires (Weir et al. 2000; Tchir et al. 2004) . Most of the area is burned in high intensity crown fires that kill most of the trees and remove large amounts of the duff (F and H) layers of the soil by smoldering combustion; such duff consumption is required for good tree regeneration (Charron & Greene 2002; Miyanishi & Johnson 2002) . Both the number and total area of unburned patches in a burn follow a power-law relationship to the burn area; that is, large fires have more unburned patches with larger areas than if they were just small fires scaled up (Johnson et al. 2003) . Oldgrowth forests make up a small percentage of the landscape because of the relatively short average interval between fires (Johnson et al. 1995) .
The hydrology of the Boreal Plain is complex and does not conform easily to the usual idea of simple topographic control (Smerdon et al. 2005) . The general hierarchy of factors that control the hydrology in the Boreal Plain is presented in Table 1 (Devito et al. 2005a) . The low ratio of runoff to precipitation (<20%) is a result of the unsaturated (vadose) zone storage, evapotranspiration (precipitation < potential evapotranspiration), and vertical flow. The glacial substrates have important influences on the hydrology. Fine texture (generally glacial till) substrates have low permeability and low infiltration into the unsaturated surface soil; precipitation remains in the rooting zone and so is easily lost by evapotranspiration. Coarse texture (generally glaciofluvial) substrates have high permeability and high infiltration to the water table that reflects the underlying impermeable layer which may be bedrock or impermeable layers in the glaciofluvial deposits.
The water budget of peatlands is determined by their vadose zone storage capacity because of their more negative heat budget due to the low thermal capacity of organic matter, the vegetation cover, and the low lateral and vertical conductivity of the peat (Price 2003; Price et al. 2005) . Peatlands account for 25 to 50% of the landscape in the Boreal Plain (NWWG 1988) . Hillslopes contribute little runoff to the peatlands. During dry weather, water may flow from the peat into the mineral soil upland (Devito et al. 1997) .
Although the state of knowledge is still very incomplete, peatlands are a major store of carbon in the Boreal Plain (Tarnocai et al. 2005) . Peatland surfaces are quite variable over relatively short distances, making it difficult to estimate the flux of carbon dioxide, methane, and dissolved (in water) carbon (Waddington et al. 1998; Waddington & Roulet 2000) . However, it is clear at this time that peat moisture and temperature on different kinds of peat surfaces (for example, lawns, pools, and plateaus) influence whether carbon is stored or released (Waddington & Roulet 2000) . Many peatlands in the Boreal Plain contain permafrost, which has been degrading over the last several decades due to global warming (Vitt et al. 1994; Halsey et al. 1995; Camill & Clark 1998; Beilman et al. 2001; Camill 2005) . As a result of water conditions and higher net productivity of Sphagnum moss on the areas of permafrost melting, these areas become carbon sinks. However methane emissions in the decades following permafrost melting offset the carbon sink (Turetsky et al. 2002) . Also, wildfires may release large amounts of carbon from peatlands, further offsetting them as a sink, particularly if peatland burning were to increase by approximately 17% (Turetsky et al. 2002; Johansson et al. 2006) .
Forestry in the Oil Sands Region
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Figures 1 and 2 show the distribution of the oil sands and the FMA leases in northern Alberta. These operations create a competing land-use and ecological effect. Forestry before the 1950s consisted of selective cutting of large and straight trees in accessible areas adjacent to streams and rivers. In the mostly even-aged stands of the boreal forest, such harvesting does not lead to good regeneration. Also, before 1950 there was little regulation and record of cutting. However, logging was limited in scope and slow because of the equipment, which consisted mostly of handsaws, axes, and horse hauling.
In 1948 the Province of Alberta established the Green Zone, restricting agriculture from lands that could best be used in forest production (Schneider 2002) . Lands in the Green Zone were retained largely by the Province (i.e., Crown land). The Forest Act was promulgated in 1949 and instituted 20-year leases with sustained yield as the objective. By the 1950s both natural silviculture and sustainedyield forest management had been introduced. These changes were a result of some understanding of the forest ecology but mostly based on experience in regeneration, growth, and yield, and silvicultural methods that increased forest productivity. Forest research using permanent plots and other experimental designs started at this time. Sustainable forest management in these early years was usually modeled on the regulated forest idea. In the western Canadian boreal, a regulated forest management area is one in which all parts of the productive forest (i.e., forests with growth rates that produce merchantable trees within the rotation age) have a specified period in which they will be harvested, either all at once (clearcut) or in two passes (the faster-growing tree species, usually pines, are cut in the first pass and some years later the slower tree species, usually spruce and fir, that have been released and grown to mature size are cut in the second pass). The strategy varies considerably, depending on the exact combination of saw timber and pulp being managed. Overall in the regulated forest, the idea was to have the harvest not exceed the total of the forest growth minus the loss from natural causes (e.g., fires, insect outbreaks) (Schneider 2002) . Over time, the Province put in place further limitations with respect to stream and river courses, wetlands, wildlife (game), and so on.
In the 1980s two factors led to an increase in forestry leases in northern Alberta. The first was advancements in pulp technology that allowed the use of hardwood species, not just conifers. This opened pulp production to the use of aspen. The second factor was the growing world demand for pulp products (Pratt & Urquhart 1994) . Also, at this time both the forestry companies' and the provincial government's ideas of sustainability became more inclusive of other parts of the forest ecosystem (Alberta Forest Conservation Strategy 1997).
Alberta-Pacific's FMA lease (Fig. 2) was issued in 1990. Most of the Oil Sands developments are in the Alberta-Pacific lease of 58,000 km 2 (see Figs. 1 and 2). The company harvests about 16,000 ha per year in the forest part of its lease and 11,000 ha per year in the oil part of its lease. Alberta-Pacific has implemented an ecosystem management approach to maintaining biodiversity on its lease. The forest management system is similar to the usual timber supply model used in sustainable forestry up to this time but with more (but not complete) spatially explicit control and the inclusion of disturbances by fire, insects, and humans (e.g., seismic lines, well sites, roads, and timber harvesting).
Alberta-Pacific, like many other forestry companies in the 1990s, has used the "natural disturbance hypothesis" to help it along the path to ecosystem management (Burton et al. 2003) . The natural disturbance model is simply the idea that forest management should be made to mimic natural disturbances to be more sustainable. This idea is still controversial; however, some parts of it may certainly be useful once they are more completely tested and/or grounded in more experience. Central to the natural disturbance hypothesis is knowledge of what the age structure of the forest, its composition, and spatial pattern of different ages and compositions should be. Once these are known, forestry operations could mimic them or, if the natural disturbance is not completely stopped (Larsen 1997; Johnson et al. 1998; Campbell & Campbell 2000) , some combination of human and natural disturbances could be incorporated into the forest plan. These three characteristics of desired age structure, species composition, and spatial patterning are by no means yet clearly articulated. Originally it was suggested that some presettlement state be the benchmark, but clearly the past and future dynamics of climate, if nothing else, make this an unwise approach.
To determine the age-class distribution, the processes that create it must be understood. This has usually been approached by understanding how the disturbances, usually fire, caused the age distribution. If the fire frequency had been constant this would have been easy, but we have already learned (e.g., Weir et al. 2000 ) that this has not been the case. Consequently, over time there have been pulses of age-classes recruited, reflecting usually periods when large areas burned. These pulses are a result of the fact that 95% or more of the area burned results from a few large fires (Johnson et al. 1998) . These pulses of large fires are associated with periods of large-scale climate patterns conducive to wildfires (Macias Fauria & Johnson 2006; Skinner et al. 2006) . Mimicking these pulses of age-classes is difficult under the prevailing goals of sustainability for fiber and the business model.
The elimination of old-growth has been one of the problems of regulated forests. The oldage tail of the forest age distribution would be eliminated in a fully regulated forest. That is to say, all of the productive forest above the rotation age of approximately 80 to 100 years would be removed (but note that in any lease only part of the land-base is productive, e.g., about 48% in Alberta-Pacific's lease). Several ideas have been put forward on how to maintain this old-age tail of the age distribution.
Most have involved maintaining a tail of some sort on the age distribution, even if it is not as old as some natural ones, and creating oldgrowth characteristics (e.g., Franklin et al. 1981) in a younger forest (Bergeron et al. 1999) . How to maintain the forest composition and biodiversity within some range of variation that reflects the distribution of physical site conditions of the landscape, the climate conditions, and the disturbance regimes is still largely an open question.
Oil Sands Stripping-Extraction and Engineering New Ecosystems
The strategy of engineering new ecosystems is not to re-create the landscape as it existed before but to construct a landscape in which the physical environment of geomorphic, hydrological, and biogeochemical processes will provide habitat for plants, fungi, and animals to develop and be sustainable. The first decades have been spent in suggesting important processes to be considered, design ideas, and general objectives of what could be done based on the literature, previous practice elsewhere, and preliminary results from small-scale, short-term studies. Only a small number of these studies are currently in the refereed literature.
In recent years this work has been primarily but not exclusively through two organizations. The Canadian Oil Sands Network for Research and Development (CONRAD) is a collection of industry, consultants, academics, and regulatory agencies whose role is to coordinate reclamation research and to develop a model that will allow prediction of ecosystem development and sustainability. In addition, the Cumulative Environmental Management Association (CEMA) is a nongovernmental association of more than 40 industry, First Nation, government, community, health, and environmental groups who are interested in protecting the environment of the Oil Sands region. CEMA has established a number of working groups and subgroups to look into The overall strategy of landscape ecosystem re-creation is best understood by examining the Landscape Design Working Subgroup proposal (CEMA-RWG Landscape Design Subgroup 2005) . This document gives a flowchart of landscape design (Fig. 4) as well as a design checklist and goals. This strategy is to be used for landscapes yet to be developed. It does not give explicit information on how the landscape is to be constructed but simply what goals are to be achieved in the end. As an example of use of the checklist, a mine planner proposes new landforms consistent with the overall closure plan for the lease, and the checklist is then used by the landscape design team to attempt to satisfy each goal and to optimize the landscape goals in an iterative process. The development of this engineered landscape would take several decades of design, construction, regrading, cover soiling, revegetation, reclamation certification, and custodial transfers. The checklist gives the design issues to be addressed in the planning (e.g., technology selection, footprint-size/location, mass balances, design for closure), desired characteristics/goals for various ecosystem aspects (e.g., soils, vegetation, wildlife, slope stability, trafficability/bearing capacity, natural appearance, seepage and groundwater, surface water hydrology), and the processes (natural hazards and disturbing forces; erosion, transport, and sedimentation; settlement of fills). The Oil Sands region is at 100-km scale and includes the disturbed landscape and the cumulative effects. Landscapes are what one can see from a vantage point, usually 10 to 100 km. Landscapes will typically contain 10 to 20 landforms. The landform has a scale of 1 to 10 km and includes all parts of the ecosystem, both above and below ground. These definitions given in the Landscape Design Checklist seem not to be based on any scaling ideas from geomorphology, hydrology, or ecosystem science.
In the Oil Sands, after the stripping of soil, peat, and surficial deposits from the underlying oil sands and the extraction of bitumen, the landscape is left as very large pits up to 100 m deep, dumps of mine tailings, and piles of overburden comprised of recent fluvial deposits and a variety of glacial deposits and bedrock formations. The mine tailings produced during bitumen extraction are a mixture of water, clay, sand, and residual bitumen. The sand is used to construct dikes to form impoundments where the tailings are stored. The mature fine tailings (MFT) left after sand removal are a stable clay/water suspension that would take centuries to settle. To speed the settling process, gypsum is added to bind the clay and produce consolidated/composite tailings (CT) (Suncor Energy 2005) . Thus, the end substrates for reclamation are overburden, tailings sand, and consolidated/CT; soil and peat from the original stripped sites as well as from neighboring undisturbed areas are mixed and used to cover these substrates prior to revegetation (Oil Sands Vegetation Reclamation Committee 1998).
The first problem is how the landscape template should be constructed in order to restore/create hydrological, geomorphic, and ecosystem processes that could be considered equivalent to what was there previously. Revegetation is required for erosion control and slope stability as well as provision of wildlife habitat. Since successful revegetation requires sufficient water for plant establishment, creation of functioning hydrological systems is fundamental to any ecosystem reconstruction (Elshorbagy et al. 2005) . The results of the mining process determine to some extent this strategy. The large pits contain highly saline water which initially will serve as a treatment system. This dictates the contributing areas of the surrounding hillslopes that will determine the quantity and quality of the water. Also, the routing of the water from these pits through the downstream landscapes must be considered. 
End Pit Lakes
An end pit lake is the final mine pit in a mined subwatershed. The overburden and tailings will be placed in the pit. The lake will still be processing consolidated tailings flux water, precipitation, and surface runoff (Fig. 5) . Chemical flux will come from the reclaimed surrounding watershed. Some water will come from created wetlands. The end pit lake should have vegetation around the perimeter and the epilimnion should maintain levels of oxygen sufficient for natural biodegradation of organic chemicals released from the mining.
Because the end pit lake is deep (ca. 20 m) and large, it will be density stratified vertically into epilimnion and hypolimnion as a result of salinity and thermal differences. Mixing of these two layers occurs in spring and fall when wind and temperature gradients supply enough energy. This mixing brings oxygen-rich epilimnion waters to the normally oxygen-poor hypolimnion and increases biodegradation. However, the hypolimnion has poor water quality because of its anaerobic conditions which will show up in the surface lake waters and in the lake runoff. The concentration and biodegrading of chemicals from the mines in the lake depend on the frequency of turnover and stratification; if the seepage enters the hypolimnion, it will degrade slowly. If the seepage enters the epilimnion, it will degrade more rapidly. The passage of water through wetlands and other pit lakes could improve the water quality.
Starting in the 1970s there has been modeling of the mass balance of the volume and concentration of chemicals in the input and output of end pit lakes to determine the effects of water recycling, anaerobic and aerobic conditions, lake turnover, chemical degradation, oxygen depletion, groundwater seepage, and tailing consolidation. Since there are no end pit lakes at present in the Alberta Oil Sands, the models cannot be calibrated and validated; however, the models (RMA10, DYRESM) are widely used mass-balance systems for simulations in other stratified lakes (e.g., Balistrieri et al. 2006; Bruce et al. 2006; Beutel et al. 2007; Castendyk & Webster-Brown 2007) .
Wetlands
In 1999, several suggestions were made in the "Landscape Design Considerations for Wetland Creation" document (Leskiw 1999) . Most of these were, as the title of the document states, considerations and not design requirements. The Landscape Design Considerations document presented a series of topics that needed to be considered. It suggested that some understanding was required of the ratio of upland to wetland area and that the drainage network should consist of a large number of small streams compared to a few big streams. The document points out that most restoration projects give little consideration to the need to create watersheds with functioning water budgets for the terrain, climate, and vegetation.
Further, the riparian and wetland areas must provide corridors for wildlife. The diversity of watersheds must also provide wetlands with variable water-fluctuation patterns that reflect what might occur in this glaciated region naturally. The hillslopes surrounding the streams and wetlands must have the appropriate steepness, aspect, substrate, and erosion potential to create the desired hydrological and geomorphic processes which, in turn, will create the desired ecosystem processes and services. All of these suggestions seem to take little guidance from what is known about how drainage networks develop in both glaciated and nonglaciated landscapes (e.g., Knighton 1984) .
Much more inclusive suggestions based on research in the area were presented in the document "Maintenance and Dynamics of Natural Wetlands and Western Boreal Forests: Synthesis of Current Understanding from the Utikuma Research Study Area" (Devito & Mendoza 2006) . Most of the recent research on landscape hydrology in the Boreal Plain with particular reference to wetlands has been done at the Utikuma Research Study Area (URSA) by Devito and colleagues. The URSA study was instituted to understand the impact of forestry and the oil industry on Boreal Plain catchments. This research has indicated that the groundwater and surface water interaction is more complicated than traditional topographic-based hydrological models have suggested (Devito et al. 2005a) . With the subhumid climate and rolling (low-relief) glaciated topography of the Boreal Plain, vertical water flow is a more important process than lateral flow on hillslopes (Rodriguez-Iturbe 2000; Winter 2001b); unsaturated zone capacity and evapotranspiration are key factors driving this dominance of the vertical flow.
The guidelines that were developed from the URSA research offer the Oil Sands mining a strategy for landform construction and wetland maintenance (Devito & Mendoza 2006) . The approach is to use natural analogs or, in other words, to try to follow the previous hydrological patterns and processes in the area. Note that this natural analog is not intended to reconstruct exactly the previous landscapes or watersheds but to give some idea of the kind of watersheds that can be constructed, what may develop naturally from certain constructed landforms, and what their spatial arrangements could be in order to facilitate hydrological interactions in the landscape. Three preliminary basic conceptual models of hydrological behavior were proposed by Devito and Mendoza (2006) as a basis for the design of reconstructed landscapes at Oil Sands mines based on substrate texture.
Fine-grained deposits-overburden and
MFT analog (Fig. 6A) . Depressions in this landscape will generally be saturated and form wetlands. However, these depressions will tend to be isolated, therefore having limited conductivity and only local flow patterns. The wetlands are often perched on topographic highs and may locally provide areas of recharge downslope. Wetlands on flat terrain will require peat to retain water on the landscape. 2. Coarse-grained deposits-sand tailings analog (Fig. 6B) . On upland areas, wetlands will only persist where fine-grained confining layers are present and can effectively seal the depression. These depressions are not attached to the regional groundwater and form isolated systems. Low areas will tend to be well connected to regional flow patterns; these will have relatively constant water levels because of their connection to a consistent groundwater supply. These catchment areas can be quite large, depending on the size of the coarse-grained deposit. 3. Coarse-grained veneer on fine-grained deposits-consolidated/CT analog (Fig.  6C) . Groundwater flow will be near the surface and responsive to climate in this system. Depressions and wetlands will be better connected often by shallow groundwater movement.
Figure 6. Conceptual model of dominant storage and water flow within the subhumid climate of the western Boreal Plain for: A) fine-grained deposits; B) coarse-grained deposits; and C) coarse-grained veneer on fine-grained deposits. P, precipitation; ET, evapotranspiration; E, evaporation; OLF, overland flow; SSSF, subsurface storage flow; GrW groundwater. Source: Devito & Mendoza (2006) . Figure 7 . Plan of the three constructed slopes (D1, D2, and D3) on a reclaimed overburden pile at the Mildred Lake Mine in northern Alberta used to test sustainability of different reclamation strategies. Source: Elshorbagy et al. (2005) .
Upland Hillslopes Hydrology
In 1999 Syncrude Canada Ltd. started a project to re-create watersheds at their Mildred Lake Mine (Elshorbagy et al. 2005) . The project consists of studies of what are thought to be the principal integrated hydrological mechanisms responsible for hillslope moisture and thus vegetation recovery. Three north-facing hillslopes were constructed atop level terrain with areas of 1 ha (200 m × 50 m) and slopes of 5:1 (Fig. 7) . Slope D1 has a 30 cm till layer over the overburden of shale and a 20 cm peat layer, D2 has 20 cm of till and 15 cm of peat, and D3 has 80 cm of till and 20 cm of peat (this treatment is approximately the Alberta Environment 1995 requirement). The slopes were seeded with barley and planted with white spruce and aspen seedlings in June 1999. Soil moisture, soil temperature, and soil metric potential were measured at midslope and at several depths on each hillslope. Also at midslope, relative humidity, air temperature, wind speed and direction, dew point, temperature, soil surface temperature, soil temperature gradient, net radiation, and ground heat flux were measured. Overland flow from each hillslope was determined at a 60
• V-notch in the gully at the base of the slopes. A sample system also collected water from the peat and till only (i.e., above the overburden of shale) at the toe of each slope.
The data from 2000 to 2004 were used in a lumped parameter hydrological process model (Fig. 8 ) that involved feedback loops of water in and between surface, peat, till, and shale layers (Elshorbagy et al. 2005) . Major steps of the modeling involved understanding the system and its boundaries, identifying the key variables, representing the physical processes through governing equations, mapping the model structure, and simulating the system to understand its behavior. In the model, surface water depends on the amount available as precipitation, surface overland flow, and infiltration into the peat layer. Peat (till) moisture depends on inter-flow, evapotranspiration, and infiltration into the till (shale) layer. The model assumes that the shale layer does not contribute water to the channel at the base of the slope; that is, the water budget is determined by flow from the peat and till hillslope only. Interflow is determined by the hydrologic conductivity, volumetric water content, hydrologic gradient, and soil type. Infiltration is determined by soil temperature, Figure 8 . Illustration of the hydrologic process model involving feedback loops of water in and between surface, peat, till, and shale layers. The + sign near the arrowheads indicate that variables at either end change in the same direction, while the − sign indicates the converse. + or − signs within loops indicate whether the loops are positive or negative. Source: Elshorbagy et al. (2005) .
hydrologic conductivity differences between and in each layer, and volumetric water content. Evapotranspiration is determined by soil moisture and atmospheric parameters. The model simulates daily hydrologic processes. The model was calibrated using 2001 data and validated using 2003 data. Since some of the system parameters, such as saturated hydraulic conductivity, are not time invariant, each year the model parameters were tuned to that year's soil moisture in each layer and the outflow. This was required because the hillslopes are changing over the short term and these changes in parameters were not known a priori.
The results of this modeling exercise were useful in understanding the changes occurring in the hillslopes immediately after their creation and the hillslopes' responses to the different treatments. The model best fit the data in hillslopes D3 and D1, the hillslopes with the deepest peat and till layers. This is reflected in the mean relative error (MRE) of 3 to 8% and 5 to 9%, respectively. D2, the hillslope with the thinnest layers, performed the poorest, with MRE of 11 to 21%. The evolution of the parameters may be due to the drought conditions during the study period, changes in hillslope parameters, and, of course, the structure of the model used. D3 had the largest changes in parameters but also the highest growth of vegetative biomass. The changes in hillslope parameters may be related to changes in till infiltration from the peat perhaps due to decomposition and compaction of the peat and changes in shale infiltration due to changes in hydraulic conductivity caused by freeze-thaw cycles. D3 had the lowest moisture stress and was followed by D1 and D2 with the highest moisture stress during the study period.
The model can be used to test the ability of the system to hold water and minimize deep percolation to the shale layer under varying moisture conditions, estimate water temporally available for primary production, and determine conditions leading to system failure (Elshorbagy et al. 2005) . This model cannot, and was not intended to, describe long-term dynamics of these hillslopes; it simply gives a short-term understanding of the processes controlling soil moisture under these three treatments. Notice that these are not watersheds in that they do not consist of several hillslopes, streams, and wetlands.
Vegetation Re-creation
The strategy for reclaiming the vegetation was proposed in the Land Capability Classification System for Forest Ecosystems (Alberta Environment 1998) and by the Oil Sands Vegetation Reclamation Committee (1998). These evolving strategies are to determine the principal environmental gradients determining the natural vegetation composition. The analysis of the vegetation gradients is to provide species indicators and environmental conditions toward which site trajectories should develop. Finally, this understanding of vegetation patterns and tolerances could help in the choice of overstory and understory plant species to be planted.
The vegetation and environmental gradients were determined from previous boreal mixedwood studies (Beckingham & Archibald 1996) . Figure 9 gives the summary of both Beckingham and Archibald's gradient analysis and the conceptual model of the conditions limiting in different parts of the moisture and nutrient gradients (Geographic Dynamics Corp. 2002) . Indicator tree and shrub species were found using Dufrene and Legendre (1997) . From the ordination diagrams and species tolerances, potential prescriptions have been developed for the plants best suited for different reclaimed sites. Furthermore, since the understanding appears to be that the vegetation will develop along certain successional pathways (e.g., to the climax white spruce-balsam fir forest for uplands) (Smith & Ottenbreit 1998) , the recommendation has been to plant species that are believed to represent different successional stages to ensure that, as succession proceeds, the later successional species would be available for colonization (Oil Sands Vegetation Reclamation Committee 1998). The underlying general model of succession presented to the Soil and Vegetation Subgroup of CEMA is given in Figure 10 . The successional pathways cannot be derived from the gradient analysis study but are generally inferred from chronosequence studies. However, as explained previously (see Boreal Plain Ecosystem section), the moisturenutrient gradients and the upland plant communities associated with positions along these gradients in the Boreal Plain have been shown to be linked to substrate and hillslope position rather than to time since the last disturbance (Bridge & Johnson 2000) .
Some reclamation projects on the tailings sand dikes and overburden dumps have taken place since 1971 at Suncor and 1976 at Syncrude (Anderson et al. 1998) . Initially, the focus was on erosion control and the areas were seeded with grasses and legumes. While successful in achieving this goal, the subsequent shift in objectives from erosion control to development of self-sustaining ecosystems equivalent to predisturbance conditions required a change in reclamation methods since the successful establishment and growth of grasses inhibited tree establishment.
In 2000, a system of long-term monitoring plots was established in both natural and reclaimed sites. These monitored sites are to provide a numerical index that can be used to evaluate vegetation and soil/landscape properties. The soil/landscape properties used are soil moisture and nutrients (pH, soil structure and consistency, electrical conductivity, and sodium absorption ratio) in the soil horizons. These sites are divided into capacity classes with respect to forest productivity even though this is not established at this time. This approach is thus seen at present as a site evaluation and reclamation tool only. 
Wildlife Habitat
Restoration of wildlife in the mined areas is primarily a matter of creating suitable habitat. These are usually defined as the pattern of upland and lowland vegetation, connectivity of this pattern, the role of disturbances (particularly fire) on the age of the forest, and finally the understory structure and shrub composition. The habitat patterns of particular interest are those of certain indicator organisms, such as caribou, moose, fisher, lynx, muskrat, and oldgrowth birds (Axys Environmental Consulting Ltd. 2003) . Again, as we've seen above, suggestions are made based on what is known about the natural history of the indicator species and what kinds of habitat and their patterns could be required. However, there are limited studies at the scale at which Oil Sands mining will occur. 
Discussion
The development of the Oil Sands has increased rapidly in the last decade as the price and demand for oil have increased. The speed of development has meant that studies cannot be carried out to see if the proposed recreation methods will, in fact, work over the long run. Unfortunately, at present there are no well-accepted scaling laws in ecosystem restoration and re-creation that would allow smallscale model systems to be scaled up in either time or space. Past experience in restoration ecology has shown that the process generally takes longer than planned and requires considerably more attention and monitoring, often well past the original design and regulation period (Zedler & Callaway 1999) . Given the rate of change in developing boreal ecosystems, the Oil Sands re-creation will probably take 100 or more years for the main biotic components of the system to mature and more than 500 years for weathering and geomorphic processes. Even simple questions, such as when forestry can expect to be able to harvest again, are unknown. Forest harvests on recreated ecosystems will probably be longer than the present rotation of 80 to 100 years.
The proposed goals of the Alberta government are to create functioning ecosystems that are the equivalent of or better than the predisturbance ecosystems. However, similar to other policy statements like forest health and ecosystem integrity, these are philosophical or policy goals, not scientific or engineering concepts or theories. Thus, there are no explicit re-creation designs or proven experiences upon which to draw. Most of the environmental studies and field treatments to date have been concerned with pollution from the bitumen processing plants, tailing ponds, and piles (Addison & Puckett 1980; Koning & Hrudey 1992; Vitt et al. 2003) . In this final section we will address some of the larger re-creation issues. This is by no means a definitive discussion.
The exact composition and shape the recreated landscapes are to take are still very incompletely known. This landscape re-creation must be coordinated within a lease but also between leases. At present each lease is largely independent and the proposed re-created ecosystems are to be organized largely around individual mines (leases). This strategy seems to be primarily driven by the sizes and engineering considerations of the mining processes and the manner in which the leases are issued. Natural surficial landscapes evolved over time as a result of geomorphic, tectonic, and glacial processes. In the Boreal Plain the basement is a sedimentary basin with a thick mantle of glacial material. The drainage network is incomplete, with large areas (ca. 30%) covered by peatlands. This surficial landscape has been weathered for about 12,000 years and the terrain is still not in equilibrium with erosional and weathering forces.
Within leases, a return to the postglacial landscape is not envisioned. However, there are not yet sufficient studies or models of the geomorphic and hydrological processes to evaluate and monitor which of these new hillslope and stream-course designs will allow ecosystems to develop that are acceptable to government requirements. As a result of the work of Devito and his colleagues (Devito 2005a (Devito , 2005b Devito and Mendoza 2006) , we have a good start toward an understanding of how landscape hydrology operates in the Boreal Plain. In particular, an understanding of the effect of climate on the precipitation and evapotranspiration balance and the importance of unsaturated zones, wetlands, and surface-water storage to the hydroperiod is central in any landscape re-creation.
The weathering process with its release of chemical ions into the developing soil profile and into lower-order streams is of central importance to the developing ecosystems and has not been adequately examined. Of particular relevance to the Oil Sands is the coupling of weathering and ecosystem primary productivity (Walker & Syers 1976; Vitousek & Farrington 1997; Filippelli & Souch 1999; Hotchkiss et al. 2000; Nezat et al. 2004) . In terrestrial ecosystems, phosphorus and nitrogen are two of the more important limiting nutrients that control primary productivity of ecosystems. Phosphorus and the other sedimentary nutrients (e.g., calcium, magnesium, potassium) are products of weathering release into the soil solution, although there is some evidence that mycorrhizae can extract calcium directly from primary minerals (Blum et al. 2002) .
Nitrogen, on the other hand, is available only by biological fixation or atmospheric deposition. The latter from human sources has become increasingly important in the last several decades . Weathering of the substrate limits primary production in ecosystems by limiting the nitrogen supply in young soils, due in part to a lack of nitrogenfixing organisms and the low soil carbon. Phosphorus will be higher early in the weathering sequences as it is released from the unweathered primary minerals. However, with time the supply of unweathered primary minerals will decrease and phosphorus will further be retained in inorganic and recalcitrant organic forms that decrease its biological availability (e.g., Wood et al. 1984) . At some intermediate stage in the weathering sequence the phosphorus/nitrogen ratio equilibrates, resulting in low soil fertility as a result of the low phosphorus availability. At the hillslope scale, the weathering and leaching processes change downslope, with greater weathering and leaching occurring in the more acidic soils near ridgelines and less weathering and leaching occurring in the more basic soils at the bottom of hillslopes (Bouchard 1983; Bouchard & Jolicoeur 2000) . Along with the moisture-contributing area relationship on hillslopes, this explains the almost universal importance of moisture-nutrient gradients in vegetation composition (e.g., Bridge & Johnson 2000) . The chemical characteristic of first-order stream and wetland water is thus an integration of the source of the water from the hillslopes. An understanding, even rudimentary, of the chemical evolution of a landscape, the flux of geologically produced solutes, and the biochemical cycles in the developing ecosystem are essential in any landscape and ecosystem re-creation in the Oil Sands.
It appears that peatlands as they exist in the predisturbance landscape are not to be restored. The wetlands that are envisioned will not have the deep layers of peat presently on the landscape or the patterned fens. It is not clear what effect the removal of the peatlands, its stockpiling for decades, and then mixing in with the overburden for surface covering will have on the atmospheric gain and release of carbon. For a recent review of carbon stocks and fluxes in Canada, see Bridgham et al. (2006) . The peatlands also play a significant role in the ecohydrology of the region.
At present the re-creation of the vegetation on the Oil Sands is rather simple. Information from gradient analysis will be used to choose indicator organisms to be planted, and the tolerance curves of these organisms and their position on the moisture-nutrient gradients will decide their abundance and where they will be placed on the landscape. This approach is largely a reconnaissance method, and the data were collected from undisturbed and weathered soil landscapes. Thus, it is, in some sense, an equilibrium view between natural disturbances. The Oil Sands vegetation, however, will grow on new surfaces that have not previously had either physical weathering and erosion or plants of any kind. There seems to be a belief that some sort of orderly succession, as shown in Figure 10 , will take place, allowing the ecosystem to eventually establish a "climax" vegetation. This simple sequence of succession is not the current understanding of boreal forest dynamics (Burton et al. 2003) .
The boreal forest is subject to a spectrum of frequencies and types of natural disturbances from the slow death of an individual tree over a period of years to the rapid death of most trees in a crown fire (White 1979) . In general, the small disturbances are frequent and large disturbances are infrequent (Turner & Dale 1998) . However, even the large infrequent disturbances still occur in the life span of the longest-lived trees. Consequently, most communities consist of the composition of plants whose life histories in some manner allow them to just survive under a particular disturbance regime, on a particular substrate, and in particular climate conditions. These conditions are relatively stationary for 1000 years or so and thus certain compositions of vegetation seem to recur frequently (Ritchie 1987) . Paleoecology, on the other hand, has taught us that the species composition we see today is largely unique and has no analogs in the past. The reason there are no analogs is that both the physical environment and the neighborhood of species at a particular place and time are rarely the same for longer than 1000 years. This understanding of how the boreal forest is organized and responds to the dynamics of its environment explains how it has been able to move from south of the glacial boundary in the United States and to reinvade all of Canada and Alaska in the last 12,000 years. Using this view of boreal forest dynamics and given the expected changes due to climate warming (climate warming is hardly ever considered in any of the Oil Sands discussions), one would expect a very different composition of vegetation on these re-created sites. Thus one should be trying not to restore some previous composition of plants and animals but to guarantee that certain physical and ecological processes (and services) are operating within some expected bounds. It is these processes and services which must be determined and the acceptable bounds defined.
In the Oil Sands studies of ecosystem recreation there is a major difference between the approaches of the physical process studies (e.g., hydrology and geomorphology) and the vegetation and wildlife studies. The physical process studies have created models of the processes they are trying to create to see how well they can validate their understanding and thus make predictions of the future. Even these demanding approaches have difficulties in understanding how to model the transient behavior of these systems and their changing parameters. The strength of this approach is that models identify processes that are functional components of ecosystems which are desired in the government's goals. Also, the success or failure of this understanding can be examined against the present physical understanding of the processes and the short-term re-creation studies can be tested against the models' relatively quantitative predictions.
On the other hand, the vegetation and wildlife studies are pattern descriptions of perhaps inappropriate data and do not try to understand the processes that give rise to these patterns. These studies do not attempt to understand the energy flow and trophic structure of the re-created ecosystems nor do they look at nutrient cycling, population dynamics, or the natural disturbance regimes. In both cases and particularly in the wildlife studies, the concept of indicator organisms is used. In many of these cases the use of indicators is based on either charismatic species, species that require large areas of habitat, or ones that are felt to be indicative of areas of high species richness. The basis for any of these in science is often not substantial (Andelman & Fagan 2000) .
Conclusions
The Oil Sands development process does not yet seem to fully incorporate the difficulties of large-scale re-creation of physical landscapes and ecosystems. The traditional smallscale methods of remediation and restoration are not designed for large-scale re-creations of landscapes. Furthermore, the focus of such reclamation methods is generally missing several key processes, such as biogeochemistry, the loss of or dramatic shallowing of soils, and linkages among terrestrial, wetland, and aquatic systems. A knowledge base must be developed of how to re-create physical and ecological processes so that they operate within certain bounds that provide the biogeosystems and ecosystem services desired. Without this kind of understanding, any restoration/reclamation is doomed to fail. In the almost 30 years of Oil Sands development, it has only been in the last decade that we have begun to see interest in the re-creation of the biogeosystems. Except for some interest in traditional knowledge (e.g., Smith 2006) , almost nothing has been done on ecosystem services.
Because of the scale of Oil Sands development at the lease level and over the whole Oil Sands development, many of the problems discussed in this chapter have to do with the land-use regulation framework. First, there seem to be limited mechanisms for creating high-quality fundamental information on the physical and ecosystem processes that landuse decisions will require. The Canadian Oil Sands Network for Research and Development (CONRAD) and CEMA have, in their short lives, tried and made some notable contributions. However, they have not been integrated or expansive enough in their approaches. Without a high-quality knowledge base, all the public consultation and industry/government planning are without a foundation. Development of this knowledge base will take time. Most geoscience and ecological studies take years, if not decades, of continuous, high-quality research to develop a suitable base upon which the changes and variation in the natural processes can be determined and a more secure base upon which to inform professional practice. This should come as no surprise when one considers how long (and ongoing) the development of the engineering and industrial methods of the mining and processing of the oil sands has taken; the Alberta government in partnership with an oil company began experimentation on oil sands extraction in 1944.
Second, the current laws, regulations, and policies are unable to set landscape-scale objectives. The current legal and policy arrangements are designed for incremental decisionmaking over one lease and then by different government agencies. This means that decisions at the landscape scale of multiple leases are not easily possible. The cumulative impact is largely considered within a single lease so that the culpability lies with the company or consortium that has the lease. Land-use planning and regulatory decisions are made for example by Alberta Energy for mineral rights, Alberta Sustainable Resource Development for timber, and Alberta Environment for water and air. The concept of hydrological landscapes as proposed in Montgomery et al. (1995) and Winter (2001a) is perhaps the appropriate landscapeecosystem scale for regional information and planning. Particularly in the case of the Oil Sands, another serious limitation is the ability of environmental planning and decision-making to maintain both a monitoring and information flow so as to allow adaptive management over the time scale of many decades that will be required, not just over the period in which the mine is operating and the period immediately after closure.
